To advance preclinical testing of novel targeted drugs in colorectal cancer (CRC) we established a panel of 133 mouse xenograft models from fresh tumor specimens of 239 patients with CRC of all four UICC stages. A subgroup of 67 xenograft models was treated with cetuximab, bevacizumab and oxaliplatin as single agents. Mutation status of KRAS (G12, G13, A146T), BRAF (V600E) and PIK3CA (E542K, E545K, H1047R) was assessed in all xenografts by allelespecific real-time PCR. KRAS codon 61 was assessed by conventional sequencing. AREG and EREG expression levels were analyzed by real-time PCR expression assays. In the treatment experiment we observed response rates of 27% (18/67) for cetuximab, 3% (2/67) for bevacizumab, and 6% (4/67) for oxaliplatin. Classification based on KRAS, BRAF and PIK3CA mutation status identified 15 of the responders (sensitivity 83%, confidence interval at p = 0.05 (CI): 59% -96%), and 38 nonresponders (specificity 78%, CI: 63% -88%). If any mutation except in KRAS codon 13 were considered, the classifier reached sensitivity of 94% and specificity of 69%. We improved specificity of the classifiers to 90% and 86% respectively by adding AREG and EREG RNA expression thresholds retrospectively. In patient-derived xenograft models, we found a predictive classifier for response to cetuximab that is more accurate than established biomarkers. We confirmed its potential performance in primary human tumors. For patients, the classifier's sensitivity promises increased response rates and its specificity limits unnecessary toxicity. Given the scope of our xenograft models across all UICC stages, this applies not only to mCRC but also to the adjuvant setting of earlier stages. The xenograft collection allows to mimic randomized phase II trials and to test novel drugs effectively as single agents or in combinations. It also enables the development of highly accurate companion diagnostics as demonstrated by us for cetuximab.
Introduction
Based on the GLOBOCAN [1] estimates, 1.235.108 patients were diagnosed with colorectal cancer (10% of all cancer cases) in 2008 and there were 609.051 death incidences caused by CRC. Advances in pharmaceutical and surgical interventions led to improvement of the survival rates for colorectal cancer patients in the past few years. However, there is still a high medical need for effective diagnosis and treatment of CRC.
The standards of care and the five-year survival rates are very different for the individual clinical stages. For patients with UICC Stages I and II disease surgical resec-tion of the primary tumor are the standard treatment. Stage II patients with certain pathological risk factors (T4 tumors, <12 inspected lymph nodes, lymphatic and venous vessel infiltration) [2] may receive additional chemotherapy. The 5-year survival rate for Stage I patients is 93% and decreases to 83% for Stage II patients. If the tumor affects local lymph node but has not spread to distant organs (Stage III patients) the 5-year survival rate is only approximately 60% despite the adjuvant therapy with FOLFOX, FOLFIRI or 5-FU/leucovorin regimes that follows the surgery. Once the tumor has spread to the liver or lung (Stage IV patients) the 5-year survival rate drops to 8% [3] .
The high medical need in advanced stage of disease led to the development of various treatment options. A number of targeted monoclonal antibodies (mAbs) were developed over the last ten years and have been approved for the treatment of patients with metastatic CRC (mCRC). Cetuximab and panitumumab are mAbs directed against the EGF receptor, while bevacizumab targets the VEGF-A ligand and inhibits neoangiogenesis. Cetuximab, panitumumab and bevacizumab have shown effectiveness as single-agents and/or in combination with chemotherapy in randomized phase III studies in advanced mCRC [4] [5] [6] [7] [8] . Cetuximab and panitumumab appear to have similar efficacy, achieving fairly modest objective response rates of approximately 10% -20% when used in chemotherapy-refractory metastatic colorectal cancers [9, 10] . The response rate of bevacizumab in heavily pretreated mCRC patients may be even smaller [11] .
Low response rates and diminished effectiveness of the targeted drugs are a consequence of inefficient patient stratification prior to the treatment. In case of cetuximab it took many years to learn that neither the EGFR mutation status nor the EGFR expression are effective biomarkers for predicting response [12, 13] . In the last four years intense translational clinical research led to the identification of predictive biomarkers in genes downstream of the EGF receptor including KRAS, BRAF, PIK3CA and others. Since 2009 cetuximab and panitumumab are restricted to patients with wild-type KRAS [14] . However, KRAS mutations explain only 45% -55% of the resistant cases [15] . Moreover, recently it was shown that patients with mutations in codon 13 of KRAS actually benefited from the cetuximab or panitumumab treatment [16] . BRAF activating mutations including V600E were also linked with poor response to anti-EGFR therapies. BRAF and KRAS mutations are mutually exclusive. BRAF mutations may account for an additional 10% of the resistant cases [17, 18] . However, BRAF mutation testing is not yet required for patient selection by regulatory authorities for treatment decisions. In addition, the PIK3CA pathway has been reported to contribute to resistance to anti-EGFR treatment, but the role of PIK3CA mutations harbored by approximately 10% -15% of patients remains controversial [19, 20] . Oncogenic mutations in the NRAS gene, a homologue of KRAS, also result in resistance to anti-EGFR agents, but are far less frequent (2% -4% of all cases) [21, 22] . The RNA expression of amphiregulin (AREG) and epiregulin (EREG), ligands of the EGF receptor, may also be linked with response to cetuximab in KRAS wildtype patients [23] . These findings were recently confirmed in 144 mCRC patients with KRAS wildtype genotype. Out of 110 genes analyzed, a classifier containing AREG, EREG and two other genes, DUSP6 and SLC26A3 was proposed to yield the best predictive scores [24] . As well PTEN expression was linked with response to anti-EGFR treatment [25] .
Most of the clinical efficacy data for the three mAbs originate from clinical trials conducted in heavily pretreated, chemo-refractory mCRC patients. Surprisingly, cetuximab and bevacizumab did not show any advantage when added to the FOLFOX or XELOX backbone in chemotherapy naïve CRC patients with UICC stages II and III disease. The results of the N0147 trial with 2.664 stage III patients showed no disease-free survival (DSF) benefit when cetuximab was added to FOLFOX6 [26] . Analysis of KRAS showed also no DSF benefit in the KRAS wild type subgroup. Similarly, in the CO-8 study addition of bevacizumab to chemotherapy for adjuvant treatment of stages II and III patients failed to show any benefit [27] . These negative results were confirmed in the AVANT trial with 2.867 patients [28] . Thus, neither cetuximab nor bevacizumab are clearly effective in nonmetastatic CRC and KRAS mutation status is not a predictive biomarker for cetuximab in the adjuvant setting.
In order to systematically search for predictive biomarkers across all four stages of colorectal cancer with respect to approved targeted drugs and to novel experimental drugs we established a panel of 133 xenografts derived from human chemonaive colon-cancer specimens of all four UICC stages. We tested the response/resistance towards approved targeted mAbs including cetuximab and bevacizumab as well as towards the standard chemotherapy agent oxaliplatin in a panel of 67 xenograft models. Mutation status of KRAS, BRAF and PIK3CA and expression levels of AREG, EREG and other selected genes were analyzed with the aim to establish an accurate predictive biomarker panel of response to cetuximab.
Colorectal Cancer" (MSKK). 239 fresh tumor tissue samples from patients of all four UICC stages were collected over two years by a collaborating network of four clinics, using a standardized procedure. In parallel, clinical data were collected and monitored for each patient. All patients gave written informed consent prior to surgery. The MSKK study was approved by the relevant ethics committees.
Engraftment of Xenograft Models and Treatment Experiments
Shortly after surgery two hundred and thirty-nine fresh tumor samples originating from the MSKK study were cut into pieces of 3 to 4 mm and transplanted within 30 min to 3 -6 immunodeficient NOD/SCID mice (Taconic). Hundred and forty-nine out of 239 samples (62%) were successfully engrafted. Of these, 133 models fulfilled the QC criteria of the study. In this way a panel of 133 stably passagable, patient-derived colorectal cancer xenografts could be established as permanent tumor models. A subset of 67 engrafted xenograft models was used in therapy experiments testing response towards cetuximab, bevacizumab and oxaliplatin as single-agents. At a size of approximately 1 cm 3 , tumors were removed and passaged to naive NMRI: nu/nu mice (Charles River). Treatment was initiated at palpable tumor volume (50 -100 mm 3 ). For each of the 67 human derived xenograft models, 5 mice were randomized to each drug and 5 for a vehicle control group. Doses and schedules were chosen according to previous experience in animal experiments and represent the maximum tolerated or most efficient doses (see Table 1 ). The injection volume was 0.2 ml/20 g body weight. Tumor size was measured in two dimensions twice a week with a caliper-like instrument. Individual tumor volumes (V) were calculated by the formula: V = (length + [width] 2)/2 and related to the values at the first day of treatment (relative tumor volume). Median treated to control (T/C) values of relative tumor volume were used for the evaluation of each treatment modality and categorized according to scores (− to ++++; see Table 2 ).
All animal experiments were done in accordance with the United Kingdom Coordinating Committee on Cancer Research regulations for the Welfare of Animals and of the German Animal Protection Law and approved by the local responsible authorities (Landesamt für Gesundheit und Soziales).
DNA and RNA Isolation
Between 10 and 100 of 4 μm-thick snap frozen tissue sections were used for DNA and RNA isolation. Ge- 
Mutation Analysis by Real-Time PCR
Mutation analysis was performed by allele-specific realtime PCR (Custom TaqMan SNP Genotyping Assays, Applied Biosystems). TaqManMGB assays were designed for each of the following: 8 substitutions in the KRAS gene (G12S, G12C, G12R, G12D, G12V, G12A, G13D, and A146T); the most frequent mutation in the BRAF gene (V600E); and 3 hotspots in the PIK3CA gene (E542K, E545K, H1047R was analyzed by TaqMan real-time PCR and normalized toward three housekeeping genes GAPDH, RPLP0 and UBC. Analysis was performed in triplicates according to the manufacturer's instructions (Applied Biosystems). Pearson Correlation Coefficients (PCC) between response to cetuximab (1) and resistance (−1) and log-transformed expression measurements of AREG, EREG, PTEN, DUSP6 and SLC26A3 were calculated.
Genome-Wide Expression Profiling by Affymetrix U133 plus 2.0 Arrays
Expression analysis was performed for 254 samples, consisting of 127 pairs, each composed of an original sample of a primary colorectal tumor and its corresponding xenograft. Two hundred and fifty ng of total RNA was amplified and labeled using the MessageAmp Premier RNA Amplification Kit (Ambion). After in vitro transcription 15 μg aRNA was hybridized for 16 h at 45˚C to an Affymetrix U133 plus 2.0 GeneChip. The microarrays were washed and stained in the Affymetrix Genechip Fluidics Station 450. Scanning was performed with Affymetrix GeneChip Scanner 3000. Commercial human brain reference RNA (Ambion) served as a control.
Statistical Methods
Condensation of all 254 raw CEL files was performed with FARMS/INI [29] and left 18.018 informative probe-sets from the original 54.000 probesets. The Wilcoxon rank sum statistic between the group of xenografts and original samples for each probeset was applied to identify probesets that are specific to the difference of xenograft vs. native tumor. To compare a xenograft to its primary tissue source, each RNA microarray measuring more than 54.000 transcripts was placed in a high dimensional Euclidian space to establish a concept of distance. The primary tissue source of a xenograft was identified when the xenograft's RNA measurement was closer in distance to the measurement of the primary sample from the same source than to all other samples in a sufficiently large comparison set.
Results

Engraftment, Characterization and Quality Control of Xenograft Models
Within the framework of a prospective multicenter MSKK study we transplanted 239 primary tumor specimens from CRC patients of all four stages into immunodeficient mice and established initially 149 passagable xenograft models. We observed an engraftment rate of 62%. Histopathological examination revealed a high morphological similarity between original patient carcinoma and the xenografts derived thereof. Further histological analysis and QC of the clinical data of the patients led to the exclusion of 16 xenograft models due to the engraftment of 1) metastases originated from other primaries, 2) adenoma, 3) tumor specimen from patients which received neoadjuvant treatment prior to surgery and 4) due to withdrawal of informed consent. Finally 133 high quality xenograft models passed all QC. The distribution of UICC stages II, III and IV in the 133 xenograft models is not statistically different (p = 0.14) to the stage distribution in a larger clinical cohort of 3.394 patients with colorectal cancer of stages II, III and IV that were recruited to the MSKK study. We observed a statistical difference in UICC stage I due to the fact that for the small T1 tumors there were often not enough tumor specimen available for engraftment without compromising the histopathological diagnosis. Genome-wide gene expression analysis of 127 pairs of primary human tumors and their corresponding xenografts revealed that primary tumors and their matched xenografts were more similar to each other (Spearman correlation of 0.80) than pairs of primary tumors (Spearman correlation of 0.66) or pairs of xenograft tissues (Spearman correlation 0.69). Statistical analysis of genome-wide array expression data shows that the recognition rate of paired xenograft/primary tumor tissues increases from 67% to 75% with the number of probesets removed from the total number of 18.000 informative probesets (Figure 1 ) obtained by normalization with FARMS [29] .
Overall Response to Cetuximab, Bevacizumab and Oxaliplatin
In therapy experiments 67 of the 133 available xenograft models were treated with cetuximab, bevacizumab and oxaliplatin as single-agents. According to UICC staging, there were 8 xenograft models derived from UICC stage I patients, 22 xenograft models from UICC II patients, 28 models from UICC III patients, and 9 models from UICC IV patients.
Responder models were defined with treated-to-control (T/C) ratios (volume of the treated tumor in relation to the non-treated control) of <20%. Nonresponder (resistant) models were defined with T/C ratios greater than 20%.
Altogether 20 models (30%) responded to at least one of the three agents. Eighteen of 67 models (27%) showed a strong response toward cetuximab monotherapy, four models (6%) responded to oxaliplatin and only two models (3%) responded to bevacizumab ( Table 1) .
Among the 18 cetuximab responders there were 6 models with almost complete shrinkage of the tumor (T/C <5%). Among the 49 non-responders there were 8 models with T/C ratio between 20% -35%; 12 models with T/C ratio of 35% -50% and 29 models with T/C ratio >50% (for details see Table 2 ). No difference was observed in cetuximab response in relation to gender (25% of male patients vs. 29% of female patients) or age (27% of < 60 yrs old vs. 27% > 60 yrs old). 46 out of 67 models were derived from colon cancer and 21 from rectal cancer patients. More rectal tumors responded toward cetuximab than colon tumors (38% vs. 22%). There were 2 cetuximab responders among 8 stage I xenograft models, 8 among 22 stage II models, 4 among 28 stage III models, and 4 among 9 stage IV models ( Table 3 ).
Mutation Status and Cetuximab Response
Mutation status was assessed in tumor tissue of the 67 tumor xenografts and in the matched primary tumor tissues of the corresponding patients using allele-specific PCR (Tables 2 and 3 ). Altogether we observed at least one mutation in 41/67 (61%) xenograft models. Within this group of 41 models there were 35 single mutations: 27 in KRAS, 7 in BRAF and one in PIK3CA. In 6/67 (9%) models mutations in two genes were observed in KRAS and PIK3CA. KRAS and BRAF mutations were mutually exclusive. For KRAS, there were 23 mutations in codon 12, 6 mutations in codon 13, 2 mutations in codon 61, and 2 mutations in codon 146. Five mutations were detected in exon 9 and two in exon 20 of PIK3CA. We also analyzed the mutation status in the corresponding primary patient tumors and identified identical mutations for each matched pair of primary and xenograft tumors.
Of the 18 cetuximab responders, 15 are wildtype in KRAS. The remaining three responders harbor mutations in the KRAS gene (one mutation in codon 12 and two in codon 13). All 18 cetuximab responders are wildtype in BRAF and PIK3CA ( Table 3) . If only the wild type status of KRAS, BRAF and PIK3CA is considered for predicting cetuximab response, this corresponds to a sensitivity (S + ) of 83% (15/18 responders identified) and a specificity (S − ) of 78% (38/49 non-responders identified).
The 38 G > A mutation in codon 13 of KRAS was linked by De Roock et al. [16] with improved response to cetuximab compared to KRAS mutations in codon 12. We observed six 38 G > A mutations in codon 13 of KRAS in our data set. Two codon 13 mutants are responders and four were resistant to cetuximab. A response predictor based on the combination of wildtype KRAS, BRAF, PIK3CA and KRAS codon 13 mutations has therefore a sensitivity of 94% (17/18) and a specificity of 69% (34/53).
RNA Expression Analysis of AREG and EREG and Other Genes
Beside mutation analysis we performed as well an analysis on the gene expression level. We analyzed RNA expression of AREG, EREG, PTEN, DUSP6 and SLC26A3 using TaqMan real-time PCR and found a significant If AREG and EREG expression is added to our predictor based on mutation status of KRAS, BRAF and PIK3CA and excluding KRAS codon 13 mutations for cetuximab response the specificity will increase from 69% to 86% while sensitivity is still 94%.
Receiver Operating Characteristic (ROC) Curves
ROC curves were constructed to depict the differences of the accuracy of various biomarkers. Four biomarkers combinations were taken under consideration as responsible for cetuximab resistance: 1) KRAS mutation codon 12 and codon 13; 2) Any mutation in KRAS, BRAF and PIK3CA; 3) Any mutation in KRAS, BRAF and PIK3CA without KRAS codon 13 mutations, and 4. Any mutation in KRAS, BRAF and PIK3CA without KRAS coding 13 mutations and mean AREG and EREG RNA expression (Figure 3) . The areas under the curve (AUC) for the four different scenarios are 0.682, 0.804, 0.819 and 0.959.
Discussion
Current clinical development guidelines and ethical considerations restrict the testing of a novel cancer drug in colorectal cancer to heavily pretreated mCRC patients in 3 rd line. These patients have been exposed to cetuximab with irinotecan (1 st line) and bevacizumab in combination with FOLFOX (2 nd line) or vice versa. A significant fraction of the mCRC patients were originally diagnosed with CRC of UICC stages II and III (Dukes B and C) and have already received six cycles of chemotherapy with FOLFOX4 or FOLFOX6 regimes before they developed liver or lung metastases. All mCRC patients considering 3 rd line treatment options have often only weeks to live. It is extremely difficult to demonstrate efficacy of novel investigational drugs in such heavily pretreated mCRC patients as novel drugs would have to be randomized against the already approved antibodies cetuximab, panitumumab and bevacizumab plus their corresponding chemotherapy backbone. For new targeted therapies this requirement represents a huge barrier and may delay the process of bringing novel targeted drugs from the laboratory to the patients. Also, in heavily pretreated mCRC patients access to primary FFPE or frozen tissue for identification of biomarkers that can be used for predicting drug response is challenging and often impossible. As a result the discovery and validation of molecular markers from primary tumor tissue and the development of companion diagnostics in mCRC is extremely difficult. Only once a drug has moved from 3 rd line to first line treatment or to the adjuvant setting, can the access to tumor tissue be logistically included in the design of the clinical studies. The clinical development of cetuximab, panitumumab and bevacizumab in metastatic colorectal cancer serves as good example to demonstrate this loophole.
In addition to the challenges in clinical development there are insufficient preclinical resources for the development of novel targeted cancer drugs. For many years in in-vitro studies individual cancer cell lines or large panels of cancer cell lines (e.g. the NCI60 panel) have been used for testing investigational drugs and to explore potential biomarkers [30] . In addition, xenograft models derived from such cancer cell lines were extensively used to show preclinical efficacy of novel drugs and to verify potential biomarkers. Due to the failure of many investigational cancer drugs in randomized phase III studies the community is now much more aware that data from such preclinical studies are not sufficient and have to be handled with caution with respect to forecasts on clinical efficacy of investigational drugs. Obviously large panels of cancer lines like the NCI60 panel and collections of xenografts derived thereof are not sufficient substitutes for clinical tumor specimens as they do not adequately reflect the cellular heterogeneity of the tumor, especially the complexity of the tumor/stromal interaction [30] .
Advantages of Large CRC Xenograft Panel
To address this unmet clinical need in testing investigational drugs and predictive biomarker development we established a large series of 133 well characterized xenograft models. The xenografts are derived of fresh primary tumor specimens of patients with colorectal cancer across all four UICC stages (Dukes A-D). The primary tumor tissues are part of a large multicenter prospective study (MSKK) with more than 5.500 recruited patients with confirmed CRC. To our knowledge this xenograft panel is the largest developed panel of primary tumor tissue in a single cancer indication.
The xenograft models and their primary tumors have been characterized by extensive mutation analysis and genome-wide array-based expression analysis. Mutation analysis in 133 xenograft models and matched primary tumor tissue showed that KRAS, BRAF and PIK3CA mutation status is completely retained in the xenograft models with respect to the primary tissues. We also compared the mutation frequency of KRAS (33%), BRAF (13%) and PIK3CA (13%) in the panel of the 133 xenograft models with the mutation frequencies in the COS-MIC database (KRAS 33%, BRAF 13%, PIK3CA 16%) [31] and found no significant differences. Thus the engraftment process did not result in a biased selection of tumors with higher oncogenic KRAS, BRAF or PIK3CA mutations. The analysis of genome-wide RNA expression based on microarrays also indicates that tumors retained the characteristics of the original primary tumor samples on the global gene expression level. The difference in the expression pattern between original primary tumors and the derived xenografts can be localized to a fraction of the overall probesets, while the individual characteristics of the tumors shared by primary and corresponding xenograft are preserved as demonstrated by a mean Spearman correlation of 0.80 (95% CI 0.74 -0.86). In comparison the mean Spearman correlation between pairs of primary tumor tissues was 0.66 (95% CI 0.64 -0.68) and between pairs of xenograft tissues 0.69 (95% CI 0.67 -0.70).
Response Rates of Approved Drugs in Xenograft Panel
To show proof-of-principle of this novel strategy three major cancer drugs approved in colorectal cancer were tested as single agents in the same 67 xenograft models. Five mice were used per each treatment and 5 mice for control group. Altogether 1.340 mice were used in the treatment experiment. We defined a T/C ratio of <0.20 for response and a T/C ratio of >0.20 for resistance in all treatment experiments. Based on these strict criteria cetuximab showed the highest response rate of 27% (18/67), followed by oxaliplatin with 6% (4/67) and bevacizumab with 3% (2/67). The response rate of 27% for cetuximab monotherapy in our panel of xenograft models cannot be directly compared with historical data obtained in clinical trials. In the BOND study [4] which led to the original approval of the antibody a response rate (RR) of 10% was observed for cetuximab monotherapy while for the combination of cetuximab and irinotecan the RR was 23%. The difference between our therapy experiment in xenograft models and the BOND study is probably due to the fact that in our study chemotherapy naïve tumors of all four stages were treated with cetuximab monotherapy while in the original BOND study patients with advanced, irinotecan-refractory tumors were included.
Recently another panel of CRC patients-derived xenografts was created by Bertotti et al. [32] . Engrafted tissues derived however, not from primary tumors, but from CRC liver metastases. Forty-four of these metastatic models were treated with cetuximab resulting in tumor shrinkage in 5 cases (11%) disease stabilization in 14 cases, and disease progression in the remaining 28 cases. In comparison, a response rate of 27% was achieved in the primary tumors in our panel of models. In the study of Bertotti et al. cetuximab response was defined as regression of at least 50% in the tumor volume compared to the baseline tumor volume. Using this criterion the response rates were inferior in comparison to the results of our study in which more stringent criteria were applied. Moreover, there were no clinical data regarding potential previous treatment of the patients (e.g. adjuvant chemotherapy) from whom the liver metastases were resected. The differences in the design of the study, as well as the limited number of stage IV CRC tumors treated in our setting, make a comparison between the two studies difficult. To investigate whether the actual origin of the tu-mor tissue (primary/metastasis) makes a difference in terms of response to the treatment, an approach of comparing the response rate in both tissues originating from the same patients would be of high interest. Nevertheless, due to the lack of primary tumor tissue and matched liver and lung metastases such treatment experiment could not be performed to date. It is, however, possible that the difference in the efficacy of cetuximab between the two xenograft panels is not caused by the engrafted material, but rather by the dose and treatment schedule. In the study performed by Bertotti and colleagues, cetuximab was administered twice a week at a dose of 20 mg/kg, while in our setting daily doses of 50 mg/kg were given.
Oxaliplatin is the only platinum agent currently approved in colorectal cancer. It is a part of the FOLFOX4, FOLFOX6, CAPOX or XELOX regimes. When evaluated as single-agent with untreated CRC patients, oxaliplatin achieved response rates of 18% -20% in a phase II study [33, 34] , while in previously treated patients objective response rates of 10% were reported in phase II studies [35] . However, the multicenter EFC 4584 trial, which led to the original approval of oxaliplatin, showed that the arm of the study that received oxaliplatin as a single agent resulted in an overall response rate (ORR) of only 1.3% [36] . In our panel of chemo-naive xenograft models we observed a response rate of 4/67 (6%) (95% CI: 2% -15%), which is slightly higher than the data of the EFC 4584 trial, but in line with the effect of the drug in the FOLFOX or CAPOX combination.
Only 2 of the 67 (3%) xenograft models responded towards the anti-VEGFA antibody bevacizumab (95% CI: 1% -13%). Bevacizumab is approved for use in combination with 5-FU-based chemotherapy as a 1 st line or 2 nd line treatment of metastatic colorectal cancer patients achieving a response rate of approximately 20%. Single-agent bevacizumab used in a treatment of advanced disease is inferior to combined therapy with chemotherapy and shows limited efficacy of 3.3% [37] , which is comparable with our results of 3%. Interestingly, the two xenografts that responded to bevacizumab in our setting are derived of stage III patients, while recent results of a phase III clinical trial in patients with CRC of UICC stage II or III suggested no benefit for bevacizumab [38] . However, 9 further models had a T/C ratio between 0.20 and 0.25. If T/C ratio threshold was changed from 0.2 to 0.25, the response rate of bevacizumab would be 16%.
Under the same criteria of T/C <0.25 the response rate of cetuximab would be 30%.
Cetuximab Response in Relation to Mutation Status of KRAS, BRAF, PIK3CA and RNA Expression of EGFR Ligands
Sporadic KRAS mutations were already reported within responders to anti-EGFR treatment [20, 39] . In our panel of 67 xenograft models treated with cetuximab three out of the total of 18 cetuximab responding xenograft models (17%, CI: 4% -41%) were found to carry mutations in the KRAS gene ( Table 3) . Two of the responders carried an alteration in codon 13 (G13D), which is known to be carried by approximately 19% of all the KRAS mutants [31] . Our result supports an observation that the position of the point mutation in the KRAS gene is associated with different sensitivity to anti-EGFR treatment. Functional differences between mutants in codon 12 and 13 of the KRAS gene were previously reported. Specimens carrying the mutation in codon 12 formed colonies of increased cell density, induced spontaneous anchorageindependent growth, and demonstrated reduced predisposition to enter apoptosis in comparison to the KRAS codon 13 mutants [40] . Our observation is in agreement with the recently published clinical observation that mutations in codon 13 may benefit from anti-EGFR treatment [16] . Most of current data support an observation that BRAF mutations are associated with resistance to cetuximab treatment, while the role of PIK3CA mutations as markers of resistance to cetuximab is still under discussion. There are studies reporting no correlation between PIK3CA mutation status and response under cetuximab treatment [41] . Results of a population based study conducted in 773 patients suggest that only PIK3CA exon 20 mutations are significantly associated with resistance to anti-EGFR therapy [21] .
We found only one xenograft model to carry a single PIK3CA mutation (E545K) in exon 9, that was classified as cetuximab nonresponder (T/C = 0.34). All the other six PIK3CA mutations were observed in combination with KRAS. The second mutation seems to enhance the oncogenic effect that results in the activation of the signaling pathway regardless of EGFR blocking. The mean of treated-to-control T/C ratios in the group of nonresponders carrying two mutations was 77% (95% CI: 57% -89%) in comparison to 56% (95% CI: 48% -64%) in the nonresponders with one mutation. The T/C ratios in the group of nonresponders carrying two mutations appear higher than those of nonresponders carrying one mutation. However, the difference in T/C rations is not statistical significant as the 95 CI intervals overlap.
We therefore think it is prudent to combine wildtype status for KRAS, BRAF and PIK3CA with KRAS mutation status in codon 13 in our classifier for predicting response to cetuximab. However, despite the predictive value of the KRAS, BRAF and PIK3CA mutations, we observed 11/49 (22% CI: 11% -37%) nonresponders that did not carry a mutation in any of the three genes except the KRAS codon 13 mutation. Resistance in some of these can be explained by the presence of other activating mutations e.g. in NRAS that were not investigated in our study. These mutations are relatively rare (2% -4%) [21] and cannot explain every resistant case. We plan to conduct NGS exome sequenc-ing on these models to explore the underlying somatic changes in the cancer genomes of the resistant models in much higher resolution.
In order to increase the specificity of our predictor for nonresponse to cetuximab we also examined the RNA expression of several genes including AREG, EREG, PTEN, DUSP6 and SLC26A3 in addition to the mutation status of KRAS, BRAF and PIK3CA. A significant association of high expression of the two EGFR ligands AREG and EREG at mRNA level and sensitivity to cetuximab was confirmed in our study. The other analyzed genes PTEN, DUSP6 and SLC26A3 had no added value in our setting.
Clinical Benefit of the Predictive Marker Panel for Cetuximab Response
Today, KRAS mutation testing is performed routinely for codon 12 and 13. If testing of KRAS codon 12, 13, 61 and 146, BRAF, and PIK3CA would be performed and if two of the KRAS codon 13 mutations would be counted as responder, the PPV of this predictive panel is only 17/32 = 0.53, as among 6 KRAS codon 13 mutants 2 responded and 4 were resistant to cetuximab. The NPV would however increase to 34/35 = 0.97. The AUC of this predictor is 0.819.
The most powerful predictor is the combination of Our best predictive panel of biomarkers obtained on the xenograft models that were derived from primary colorectal cancer specimens of all four stages is in agreement with a recently published study demonstrating predictive value of KRAS, BRAF mutation testing in combination with EREG RNA expression and skin rash in patients with mCRC treated with cetuximab and irinotecan in 2 nd line [42] .
benefit over standard KRAS codon 12 and 13 testing. This is demonstrated by a PPV of 0.71 and a NPV of 0.98 and an area under the curve (AUC) of 0.959. High concordance of our results with the clinical data shows that our xenograft panel can be used to mimic randomized phase II studies and to systematically test novel targeted cancer drugs both in the metastatic CRC and in the adjuvant setting (UICC stages II and III). Therapy experiments can be done on subsets of the models preselected for a specific targeted cancer drug or combination of targeted drugs based on the available mutation genotype or expression profile. Also new biomarkers can be identified in parallel to testing of novel therapeutic agents based on the molecular data. P. Pechańska is also Ph.D. student at the Humboldt University Berlin.
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